Abstract Surface-based cortical thickness (CT) analyses are increasingly being used to investigate variations in brain morphology across the spectrum of brain health, from neurotypical to neuropathological. An outstanding question is whether individual differences in cortical morphology, such as regionally increased or decreased CT, are associated with domain-specific performance deficits in healthy adults. Since CT studies are correlational, they cannot establish causality between brain morphology and cognitive performance. A direct comparison with classic lesion methods is needed to determine whether the regional specificity of CT-cognition correlations is similar to that observed in patients with brain lesions. We address this question by comparing the neuroanatomical overlap of effects when 1) whole brain vertex-wise CT is tested as a correlate of performance variability on a commonly used neuropsychological test of executive function, Trailmaking Test Part B (TMT-B), in healthy adults and 2) voxel-based lesion-symptom mapping (VBLSM) is used to map lesion location to performance decrements on the same task in patients with frontal lobe lesions. We found that reduced performance on the TMT-B was associated with increased CT in bilateral prefrontal regions in healthy adults and that results spatially overlapped in the left dorsomedial prefrontal cortex with findings from the VBLSM analysis in patients with frontal brain lesions. Findings indicate that variations in the structural integrity of the left dorsomedial prefrontal lobe, ranging from individual CT differences in healthy adults to structural lesions in patients with neurological disorders, are associated with poor performance on the TMT-B. These converging results suggest that the left dorsomedial prefrontal region houses a critical region for the complex processing demands of TMT-B, which include visuomotor tracking, sequencing, and cognitive flexibility.
Introduction
Quantitative MRI (qMRI) studies demonstrate that subtle variations in brain morphology are associated with individual differences in cognitive performance in healthy adults (reviewed in Kanai and Rees 2011) . In patients with neurological disorders, gross abnormalities of cortical volume or thickness have long been appreciated as MRI markers of neuropathology, ranging from visually apparent atrophy in chronic epilepsy (Liu et al. 2003) to developmental hypertrophy in focal cortical dysplasia (Guerrini and Carrozzo 2001; Barkovich et al. 2005; Blümcke et al. 2011) . The introduction of qMRI methods allows for precise measurement of cortical thickness (CT) and for statistical comparison between individual brains, which increases sensitivity to more subtle variations in brain morphology (Fischl and Dale 2000; Jones et al. Electronic supplementary material The online version of this article (doi:10.1007/s11682-015-9455-8) contains supplementary material, which is available to authorized users. 2000 ). This has launched several investigations of the relationship between morphological aberrations and cognition or behavior in healthy individuals with visually normal MRI scans (Bermudez et al. 2009; Blackmon et al. 2010 Blackmon et al. , 2011 . This work has also been extended to those with neurological disease, with evidence of a relationship between CT abnormalities and cognitive impairments in temporal lobe epilepsy (Dabbs et al. 2009 ).
Although qMRI metrics derived from voxel-based and surface-based morphometry can link individual differences in behavior and cognition to brain anatomy (Kanai and Rees 2011) , these qMRI studies are correlational and therefore unable to establish causality between aberrations in brain morphology and reduced cognitive performance. Lesion studies are considered the gold standard for establishing causality between brain anatomy and function (Rorden and Karnath 2004) . A direct comparison with classic lesion methods is needed to determine whether abnormalities in qMRI metrics, such as increased or decreased CT, confer a functional disadvantage that is comparable to that observed in patients with brain lesions. In other words, is the regional specificity of correlational effects between CT and cognition similar to that observed in patients who have suffered cognitive deficits from focal lesions?
The trailmaking test, part B (TMT-B) is an ideal behavioral measure for investigating multi-modal correspondence in brain-behavior effects across healthy controls and lesion patients due to its psychometric reliability (Sanchez-Cubillo et al. 2009 ) and sensitivity to executive dysfunction in healthy controls (Vasilopoulos et al. 2012; Lee et al. 2012 ) and patients with neurological disorders (Corrigan and Hinkeldey 1987; Crawford et al. 1992; Lezak 1995; Reitan 1958) . Patients with frontal lobe lesions show the most consistent performance decrements on the TMT-B (Reitan 1958; Spreen and Benton 1965; Lezak 1995; Stuss et al. 2001; Yochim et al. 2007; McDonald et al. 2005) ; which makes them an optimal lesion group for establishing regionally specific correlates of impaired TMT-B performance.
To address the question of whether CT correlates of TMT-B performance in healthy controls correspond to regional effects observed in frontal lesion patients, we compared the spatial correspondence of results from a) correlational analysis of CT and TMT-B in healthy adults with no history of neurological or psychiatric illness (HA group); and b) voxel-based lesionsymptom analysis (VBLSM) of TMT-B task performance in adults with brain lesions in the frontal lobe (FL group). We hypothesized that there would be focal CT effects in the frontal lobe in the HA group that spatially overlap with VBLSM effects in the FL group. Such overlap would nominate the identified region(s) as critical for supporting executive functions such as cognitive flexibility.
In addition, given variability in lesion location in the FL group, we expected to find overlap in neuropsychological test score distributions with the HA group. In other words, we did not expect to find a significant difference in TMT-B scores between the HA group and the FL group, due to the variability in lesion location within the FL group. We did, however, expect that poor performance on TMT-B will be associated with cortical thickness variations (HA group) and lesion location (FL group) in spatially corresponding regions. Overlap in behavioral results (score distributions) and imaging results (spatial correspondence) between the HA and FL group would support the inference that individual differences in focal morphology detected with surface-based MRI analyses in healthy adults can impact performance efficiency in a manner similar to visually apparent focal brain lesions.
Materials and methods

Participants
This study was approved by the IRB of New York University. A sample of 30 HAs were recruited from the community through internet-based advertisement and gave consent to participate in the study. The absence of current or historical psychiatric and neurological disorders was established in HA participants by self-report during an initial semi-structured screening interview. All HA participants were administered the Wechsler Adult Intelligence Scale-Third Edition (Wechsler 1997) to rule out intellectual disability. A summary of descriptive information for the HA group and FL patient group is provided in Table 1. A sample of 27 (16 males/11 females) patients with lesions in the frontal lobe (FL group) was recruited from the New York University Patient Registry for the Study of Perception, Emotion, and Cognition (NYU PROSPEC). As part of the initial screening for this registry, FL patients completed a comprehensive battery of neuropsychological tests and a structural magnetic resonance imaging (MRI) scan (T1 MPRAGE). Patients were excluded if there was evidence of global cognitive dysfunction on the Full-Scale Intelligence Quotient (IQ) from the Wechsler Adult Intelligence Scale-Fourth Edition (i.e., IQ<70) (Wechsler 2008) or diffuse atrophy on the MRI scan. Participants were tested at least 6 months post surgery for the treatment of epilepsy, infiltrative low-grade tumors, or vascular lesions (mean=3.1 years, SD=3.1). Demographic and clinical information for each individual patient is shown in Table 2 .
Cognitive assessment
All participants were administered the TMT-B in a distractionfree testing room using standardized procedures. This measure is one of the top five instruments most commonly used by licensed clinical neuropsychologists in the United States and Canada to assess attention and executive abilities (Rabin et al. 2005) . The TMT-B has been validated as a measure of visuomotor tracking, sequencing, divided attention, and cognitive flexibility in healthy control (Vasilopoulos et al. 2012; Lee et al. 2012 ) and neurologically impaired adults (Corrigan and Hinkeldey 1987; Crawford et al. 1992; Lezak 1995; Reitan 1958 ). The TMT-B is frequently used in neuropsychological research due to its reliability (Sanchez-Cubillo et al. 2009 ) and sensitivity to frontal brain damage (Lezak 1995; Reitan 1958; Spreen and Benton 1965) . Its sensitivity to neurological impairment may be related to the complex set of skills required for successful performance (Franzen 2000) . It is primarily a visuomotor tracking task with different cognitive processing demands for each of its two parts (Lezak 1995) . Part A requires the participant to draw a line as rapidly as possible joining consecutive numbers (1-25) pseudorandomly arranged on an 8×11.5 in. page. In Part B, the participant draws a line alternating between consecutive numbers and letters that are also pseudo-randomly arranged on a page (1-A-2-B-3 …. L-13). Therefore, TMT-B demands more complex executive functions, such as divided attention, alphanumeric sequencing, and cognitive flexibility (SanchezCubillo et al. 2009 ).
TMT has a high coefficient of reliability [Part A; r=0.79; Part B: r=0.89 (Dikmen et al. 1999) ]. The validity of TMT-B has been supported by its relationship to additional probes of cognitive flexibility such as the Wisconsin Card Sorting Task (Kortte et al. 2002; Ríos et al. 2004 ), set-shifting tasks (Arbuthnott and Frank 2000) , and Go/No-Go tasks (Langenecker et al. 2007) .
Participants are timed and raw time scores (in seconds) are the outcome measurements. For the current study, we used raw time scores from TMT-B as the dependent variable. Higher scores indicate poorer performance (i.e., more time needed to complete the task). TMT-A scores were used to index sufficient effort towards testing. There was no indication of insufficient effort, as TMT-A scores were within an acceptable range for the HA group [17″-49″; mean =32.6″; SD=8.9″] and the FL group [14″-67″; mean=34.5″; SD= 13.4″] and there was no significant difference in TMT-A performance between the two groups [t (55) =0.64, p=0.52].
MRI scanning and image processing
Imaging was performed at the NYU Center for Brain Imaging on a 3-Tesla Siemens Allegra head-only MR scanner. Image acquisitions included a conventional three-plane localizer and two T1-weighted gradient-echo sequence (MPRAGE) volumes (TE=3.25 ms, TR=2530 ms, TI=1.100 ms, flip angle = 7°, FOV = 256 mm, voxel size = 1 × 1 × 1.33 mm). Acquisition parameters were optimized for increased gray/ white matter image contrast. The imaging protocol was identical for all subjects studied. The image files in DICOM format were transferred to a Linux workstation for morphometric analysis. Images were automatically corrected for spatial distortion due to gradient nonlinearity (Jovicich et al. 2006 ) and B1 field inhomogeneity (Sled et al. 1998) , registered, and averaged to improve signal-to-noise ratio. Images were further processed with the FreeSurfer (5.1) software package (http:// surfer.nmr.mgh.harvard.edu) and Matlab software (MATLAB and Statistics Toolbox Release 2012b, The MathWorks, Inc., Natick, Massachusetts, United States).
CT measurement and analysis
Freesurfer was used for whole brain CT analyses. Two surface models were generated using intensity and continuity information -the white matter (WM) surface representing the boundary between WM and gray matter (GM) and the pial surface representing the boundary between GM and cerebrospinal fluid (CSF). CT was calculated at every vertex as the shortest distance between the two surfaces (Fischl and Dale 2000) . Major components of the applied procedure were described in detail in recent publications (Blackmon et al. 2010 (Blackmon et al. , 2011 Butler et al. 2012) . In brief, MRI data were registered to Talairach space, intensity normalized and the skull was automatically removed Ségonne et al. 2004) . WM voxels were detected and labeled using intensity and neighborhood information to generate the WM surface. A connected components procedure assigned a solid body of WM voxels for each hemisphere. These WM bodies were tessellated into a polygon mesh, smoothed and refined by a deformable surface algorithm to follow intensity gradients between WM and GM. The pial surface between GM and CSF was defined similarly . Small topological inexactness was automatically detected and rectified (Ségonne et al. 2007 ). Each automated reconstruction was manually checked for errors and corrected, if necessary, by an experienced technician blind to the hypothesis of this study. Manual intervention was necessary only in<5 % of the scans and in every case only minimal.
Resulting surfaces were superposed to MR data. Finally, CT was individually assessed at each vertex (Fischl and Dale 2000) . To enable intersubject averaging and statistical analysis individual brain surfaces were registered to a spherical atlas by aligning the folding patterns of any individual with the average of the atlas . To specify localizations with anatomical differences the reconstructed cortical surface was automatically parcellated into gyrus-based regions (Desikan et al. 2006; Fischl et al. 2004) .
For each hemisphere, vertexwise correlations were used to test for a relationship between CT at each vertex along the cortical surface and TMT-B scores, using age as a covariate. The spatial CT distribution was smoothed with a circularly symmetric Gaussian kernel of 15 mm full width half maximum to provide normal distribution of the results. We controlled the familywise error rate by means of Monte Carlo simulations as implemented in Freesurfer 5.1 (Hayasaka and Nichols 2003; Hagler et al. 2006 ). The data were tested against an empirical null distribution of maximum cluster size across 10,000 iterations synthesized with an initial cluster threshold of p<0.05, yielding significant clusters corrected for multiple comparisons across all vertices. Corrected significance clusters of CT correlations with TMT-B raw scores were mapped onto the pial surface of the average brain reconstruction for visual display.
Lesion analysis
High resolution T1 MPRAGE volumes from each patient were normalized to Montreal Neurological Institute (MNI) standard space using FSL FLIRT (FMRIB's Linear Image Registration Tool; http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/flirt/) (Jenkinson and Smith 2001) . To improve normalization, cost function weighting (weight=0) of the lesion area and any surrounding craniotomy defect was used during 12°of freedom affine transformation of the lesioned brain to the standard MNI 1 mm reference volume. Lesions were manually traced by a neuropsychologist (KB) on individual slices of the native brain, with crosschecking across all three planes. All patients had surgical lesions; therefore, margins were readily visible on T1-weighted MRI scans. The treating neurosurgeons were consulted if there was any ambiguity about lesion margins. Tracing produced a binary volume with B1^indicating the presence of the lesion and B0^the presence of normal tissue. Multi-slice images depicting lesion location and extent for each individual patient displayed on the MNI 152 standard brain template are provided in Supplementary  Figure 1 .
FSL BET toolbox was used for skull-stripping, and for calculation of whole-brain and lesion volumes. Lesion volumes were calculated with fslstats by counting non-zero voxels in the skull-stripped brain mask (Smith 2002) . Lesion overlap maps were constructed by averaging the normalized lesion maps for each subject, giving a proportion overlap score at each voxel. The normalized lesion masks were used in subsequent VBLSM analyses, as implemented in MRIcro software (Rorden and Brett 2000) (www.mricro.com). A Brunner-Munzel analysis, with 4000 permutations and a false discovery rate of 10 %, was used to investigate which voxels, when lesioned, were associated with a performance decrement.
Results
CT analyses in the HC group
TMT-B scores in the HC group ranged from 27″-128″ (mean=65.93″, SD=24.07″), which is similar to what is reported in large adult normative samples (Drane et al. 2002; Tombaugh 2004 ). There was no association with TMT-B scores and age (r=0.10, p=0.59), which may be due to the age range of our HA group. In a large adult normative sample (N=911; age range=18-89) for TMT-B, age effects do not appear prominent until age 65, which is where our sample range ends (Tombaugh 2004) . Consistent with other normative samples (Drane et al. 2002; Tombaugh 2004) , there was no association between gender and TMT-B scores (t=0.96; p=0.35) and there was an inverse correlation between TMT-B scores and years of education (r=−0.36; p=0.001) as well as overall IQ (r=−0.55; p=0.001); therefore, education and IQ were entered as a nuisance variables in secondary CT analyses.
For each hemisphere, we assessed the vertex-wise correlational relationship between CT and TMT-B scores. CT was positively correlated with TMT-B scores across widespread frontal lobe regions bilaterally, independent of age, after correction for multiple comparison corrections (See Fig. 1a) . Secondary analyses revealed that significant effects in bilateral dorsomedial prefrontal lobes were independent of education and IQ (see Fig. 1b) . Areas of the LH where increased CT was associated with higher TMT-B scores include the left superior frontal gyrus (r=0.6384, p=0.0001) and anterior inferior temporal cortex (r=0.5791, p=0.0008). The left inferior temporal region did not remain significant after adding education and IQ as covariates. Areas of the RH where increased CT was associated with higher TMT-B scores were the superior and middle frontal gyri (r=0.6069, p=0.0002). There were no areas in either hemisphere where increased CT was associated with better TMT-B performance (i.e., lower scores).
Voxel-based Lesion-Symptom Mapping (VBLSM) in the Frontal Lobe (FL) group
Age, sex, education, and test score comparisons between the FL and HA groups TMT-B scores for the FL group ranged from 41″ to 232″ (mean=75.37″, SD=43.26″). There was no difference between the FL and HA groups in age (t (55) =1.82, p=0.08), education (t (55) =−0.31, p=0.76), Full-Scale IQ (t (55) =1.74, p=0.09), or gender distribution (χ 2 =0.91; p=0.342). Within the FL group, the distribution of TMT-B scores was non-normal due to the presence of several positive outliers; therefore, the non-parametric Brunner-Munzel rank order test was used for the VBLSM analyses. There was no difference in TMT-B scores between males and females (Mann-Whitney U Test: p=0.65). There was no correlation between TMT-B scores and age (rho=−0.06, p=0.79) or education (rho= 0.21; p=0.31), but there was an inverse relationship between TMT-B scores and IQ (rho=−0.57, p=0.002).
Comparison of TMT-B scores between the HA and FL groups revealed that the distribution of TMT-B scores was the same across groups (Mann-Whitney U Test: p=0.97). This remained the case after controlling for age (p=0.132), years of education (p=0.807), and IQ (p=0.73). Thus, there was no evidence of an overall performance decrement on the TMT-B in the FL group compared to the HA group.
Voxel-based lesion symptom mapping results
Results from VBLSM show a region in the left medial superior prefrontal region (see Fig. 2 ) that, when lesioned, is associated with higher TMT-B scores (indicating poorer performance), after correction for multiple comparisons (t-score> 2.2). This region of interest (ROI) was converted into a surface file via Freesurfer, using a depth of 0.5 mm, and overlaid on the results from CT analyses in the HA group to determine the degree of spatial overlap (see Fig. 3 ). There was substantial overlap in the left hemisphere dorsomedial prefrontal region. The proportion of the CT results in the HA group that overlapped with the significant cluster obtained from VBLSM results in the FL group was 66.5 and 15.2 % of the variance in TMT-B scores in the HA group was accounted for by CT in this overlapping cluster [r=0.39, R 2 =0.152; see Fig. 3 ]. Overall GM volume and lesion volumes were calculated in the FL group. GM volume ranged from 1029613 to 1655245.5 mm 3 (mean = 1386801.76; SD = 167310.96). There was no correlation between GM volume and TMT-B test performance (r=0.23; p=0.25). Individual lesion volumes ranged from 1127.28 mm 3 to 155075.27 mm 3 (mean = 36139.08; SD=35906.34). There was no relationship between total lesion volume and TMT-B scores (rho=0.132; p=0.51).
In order to determine whether clinical factors within the FL group had an impact on TMT-B scores, we tested the correlation between TMT-B scores and Bage of disease onset,^and Byears since surgery.^There was no correlation between TMT-B scores and age of disease onset (rho=−0.11; p=0.58) or time since surgery (rho=−0.08; p=0.7). Concerning lesion etiology there was no significant difference in TMT-B score distributions between patients with a chronic history of treatment resistant epilepsy versus those with a more recent discovery of a tumor or vascular lesion (Mann-Whitney U-test: p=0.08); although it is important to note that many of the patients with tumors and vascular lesions also had seizures.
Taken together, these results demonstrate that the location of a lesion in the left dorsomedial prefrontal lobe had a greater impact on TMT-B performance than total brain volume, the extent of the lesion (i.e., lesion volume), or clinical factors such as disease duration and time since surgery. Fig. 1 Cortical areas where increased CT in healthy adult participants is associated with higher TMT-B scores, with a. age as a covariate; and b. age, education and IQ as covariates, following Monte-Carlo cluster-wise correction for multiple comparisons. Positive values (red, yellow) signify regions where increased CT is significantly associated with increased TMT-B scores (poorer performance). There were no instances of negative correlations between CT and TMT-B scores (dark blue, light blue) 
Discussion
MRI morphometry tools are increasingly being used to investigate the relationship between cortical surface features and individual differences in cognition. Thus, it is important to determine whether regional effects overlap with those of more classic approaches to brain-behavior relationships, such as lesion methods. Overlapping effects provide support for the use of surface-based measures to probe the neuroanatomical basis for individual differences in cognitive abilities. In this study, we investigated the relationship between CT and TMT-B performance in healthy adults and directly compared the spatial overlap with results from voxelwise lesionsymptom mapping in patients with frontal lobe lesions. Our results demonstrate that stronger performance on the TMT-B task is associated with reduced CT in bilateral superior prefrontal lobes in healthy adults, independent of age, education, and IQ. Independence from general cognitive abilities (i.e., IQ) provides evidence that the regional effects in the superior prefrontal cortex are specific to the processing demands of the TMT-B task.
Critical to the hypothesis of the study, findings from the CT analysis in healthy adults overlapped with results from VBLSM analysis of TMT-B scores in patients with frontal lobe lesions. The area of overlap was limited to the left dorsomedial prefrontal cortex (PFC). Converging findings in this region suggest that it may serve as a critical region for the unique processing demands of the TMT-B test. Also in line with our hypothesis, average TMT-B performance in the HA group did not differ from the FL group, with evidence of overlapping distributions. In both groups, poorer performance was associated with reduced integrity of the left dorsomedial PFC. These findings support vertex-wise CT analysis as a valid method for probing neuroanatomical contributions to individual differences in TMT-B performance. They suggest that thicker cortex in the dorsomedial PFC confers a functional disadvantage in healthy adults similar to that observed in patients with surgical lesions in this region.
The left dorsomedial prefrontal cortex supports TMT-B performance
Impairment in TMT-B performance is robustly linked to frontal lobe pathology (Stuss et al. 2001; Yochim et al. 2007; McDonald et al. 2005) . Two prior studies found that left frontal lobe lesions resulted in greater impairment (Stuss et al. 2001; Yochim et al. 2007 ); however, further sub-lobar specificity was difficult to determine due to variability in lesion location and extent. VBLSM overcomes this limitation by testing the voxel-wise relationship between task performance and the presence of a lesion (yes/no), allowing for greater spatial precision (Rorden and Karnath 2004) . VBLSM has been previously used to investigate executive dysfunction in a large sample of lesion patients (Gläscher et al. 2012) . Poor performance on the TMT was associated with damage to a small region of the left ventromedial PFC, inferior to the cluster we identified. This study utilized a different measure of TMT performance (TMT-B -TMT-A), which suggests that variable metrics derived from the TMT are sensitive to damage spanning the left medial PFC.
Functional MRI (fMRI) studies demonstrate activation in multiple areas of the frontal lobe during TMT-B performance in healthy controls, as opposed to the singular regions identified in lesion studies. There is asymmetric activation of the left hemisphere, most notable in the left dorsolateral PFC (Moll et al. 2002; Zakzanis et al. 2005) . Additional areas implicated include the left middle temporal (Zakzanis et al. 2005; Jacobson et al. 2011 ) and superior temporal (Zakzanis et al. 2005 ) gyri, right supplementary motor area and cingulate sulcus (Zakzanis et al. 2005) , and bilateral intraparietal sulcus (Moll et al. 2002) . In sum, both lesion and functional imaging studies converge on the left PFC as a critical region for adept TMT-B performance; however, fMRI studies in healthy controls implicate a broader bilateral fronto-temporalparietal network. (yellow) and surface reconstruction of lesion volume (red). Scatterplot demonstrates significant correlation of average CT per subject in surface ROI as it relates to p=0.033) Increased CT in the prefrontal lobe can confer a functional disadvantage Our findings show that poorer performance on TMT-B is associated with increased CT in bilateral PFC. If the assumption is Bmore-is-better,^these results appear counterintuitive. Indeed, meta-analysis of PFC volumes and executive functions show that in healthy adults, larger volumes are often associated with better performance (Yuan and Raz 2014) ; however, this relationship is variable. In several studies that looked specifically at PFC gray matter volume and TMT-B performance, results varied from no effect (Hanninen et al. 1997; Koutsouleris et al. 2010; Gianaros et al. 2006) , to a negative correlation (Paul et al. 2009 ) and a positive correlation (Zimmerman et al. 2006) . The lack of significant effects in some studies could be explained by only including narrow regions outside of the dorsomedial PFC, such as the orbitofrontal cortex (Choi et al. 2004; Nakamura et al. 2008) . In the only other study that investigated the relationship between CT and TMT-B scores in healthy adults, the relationship was negative: thicker cortex was associated with stronger performance (Dickerson et al. 2008 ). However, this study was performed in older adults (age 66-81), where age-related acceleration of performance decline (Tombaugh 2004 ) and brain atrophy (Storsve et al. 2014 ) might impact results.
In healthy young to middle age adults, decreased CT is associated with a performance advantage across a range of cognitive domains, including attention (Westlye et al. 2011) , word-reading (Blackmon et al. 2011) , and expert chessplaying (Hänggi et al. 2014 ). When cognitive domainspecific performance discrepancies are observed, a verbal over visuospatial advantage is associated with decreased CT in bilateral occipito-temporal and frontal regions; whereas, a visuospatial over verbal advantage is associated with increased CT in the same regions (Margolis et al. 2013) . CT is negatively associated with general intellectual abilities until the 4th decade at which point, thicker cortex starts to confer a functional advantage (Schnack et al. 2015) . In sum, evidence for both positive and negative relationships between PFC structure and TMT-B performance suggests that directionality may not be as important as regional specificity, particularly in healthy young to middle age adult samples where atrophy is not a primary factor driving performance correlations.
Bidirectional relationships between CT and performance in healthy adults may be due to multifactorial determinants of cortical gray matter morphology. Non-linear and dynamic lifespan CT trajectories (Storsve et al. 2014) suggest that both the region and the developmental period must be taken into consideration when assessing the relationship between CT and cognitive performance. Increased CT in older children and young adults could reflect insufficient pruning or myelination, implicating a pathological rather than adaptive process. During adolescence, reduction in CT might be associated with neuronal pruning (Kanai and Rees 2011; Huttenlocher and Dabholkar 1997) , which results in more efficient cortical networks (Kharitonova et al. 2013) . The frontal lobes are the last region to complete the myelination process; with frontal lobe myelination peaking in the 4th decade of life (Bartzokis et al. 2012) . Therefore, thicker cortex in our healthy adult population may confer a functional disadvantage because it reflects either insufficient pruning or myelination. However, given the variable findings from volumetric studies of TMT-B correlates, other factors are likely contributory.
Spatial distribution of effects
The total area of significant results from the VBLSM analysis in the frontal lobe lesion group is considerably smaller than results from the surface-based analyses in the HA group. This might be partially explained by structural covariance in healthy adults (Evans 2013) . Measures of gray matter density and CT show strong covariance between bilateral homologous regions (Chen et al. 2008; Mechelli et al. 2005) , which has significant genetic influences (Schmitt et al. 2014) , particularly in association cortices (Lenroot et al. 2009 ). If CT in homologous regions tends to covary as a result of genetic influence, rather than experience, practice, or expertise, then this suggests that bilateral CT results may not always represent true performance correlates but instead might reflect a network of general (i.e., non-performance related) structural covariance. Results from the VBLSM analyses support this by demonstrating that only a small region within the broader distribution of CT effects represents the critical region for TMT-B performance. These findings should be taken into account when interpreting results from studies that use CT to probe the neuroanatomical basis for specific cognitive abilities.
Limitations
Our study is limited by a relatively small number of patients in the VBLSM analysis. Although the sample included patients with lesions extending into the left dorsolateral PFC (Fig. 3c) , they were few in number and our power to detect effects in this region was low (Fig. 3b) . Therefore, we cannot exclude the possibility that more lateral left PFC regions subserve TMT-B performance, as is suggested by prior lesion studies (Stuss et al. 2001; Yochim et al. 2007 ) and by our CT data from the HA group. In the CT analysis, the strength of the linear relationship between CT and TMT-B was smaller than effects obtained in a prior sample of healthy controls (Dickerson et al. 2008) . In this prior study, the relationship between CT and TMT-B scores was assessed in the same 15 subjects (ages 66 to 81) across 4 different time points and MRI scanners. Resulting effect sizes ranged from R 2 =0.44 to R 2 =0.83, which is more than twice that observed in our sample of 27 adults ranging in age from 21 to 65. The difference in effect sizes between our samples may be due to increased rates of change in both TMT-B performance (Tombaugh 2004) and CT (Lemaitre et al. 2012) in adults above the age of 65. Given the relatively smaller effect size we obtained, it is recommended that future studies of the relationship between CT and performance in healthy, middle-aged adults utilize larger samples.
In addition, TMT-B involves a myriad of cognitive processes, including visual attention, graphomotor speed, divided attention, set-shifting, and alphanumeric sequencing. Therefore, our results could be viewed as non-specific to these numerous aspects of executive function as probed by TMT-B. Many studies have employed methods to correct for these additional processes, such as subtracting TMT-A from TMT-B or dividing TMT-B by TMT-A. However, these metrics are not as commonly utilized in clinical practice (Rabin et al. 2005 ) and do not consistently show greater sensitivity to frontal lobe damage or concurrent validity with other measures of cognitive flexibility (Sanchez-Cubillo et al. 2009 ). Furthermore, in a separate VBLSM study that utilized the [TMT-B -TMT-A] metric, a similar left medial frontal result was obtained; suggesting that various metrics derived from the TMT-B may be comparably sensitive to left medial PFC damage.
Conclusion
In sum, our results demonstrate converging evidence from different imaging modalities for the role of the left dorsomedial PFC in supporting TMT-B performance. Spatial correspondence between CT and VBLSM results provide support for CT as a measure of regional brain integrity that can be used to probe the neuroanatomical correlates of individual differences in healthy adults. However, the broader distribution of CT effects suggests that additional factors, such as nonperformance related structural covariance, should be taken into account when interpreting CT performance correlates in healthy adult populations.
